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Abstract: The characteristic of hydrogen production by facultative anaerobic bacteria, obligate anaerobic bacteria and their mixed 
culture was studied by the batch culture method. The results showed that, due to the synergistic effect between facultative bacteria 
and anaerobic bacteria, the ability of hydrogen production in the mixed culture was much better than that in the pure culture. 
Especially, the culture Scheme No.7 mixed up with three strains (Bacterium.E: Bacterium.B: Bacterium.P = 1:1:1) not only had the 
best hydrogen production capacity (1.885 mol H2/mol glucose) and maximum average hydrogen production rate (212.2 mL/(L·h)), 
but also had stable hydrogen production under continuous culture conditions, which was 1.968 mol H2/mol glucose. 
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1 Introduction 
 
Nowadays, as an ideal clean energy, hydrogen has 
become a hot research spot in the development of new 
energy [1], and the technology of biological hydrogen 
production, including photosynthesis and fermentation, 
has received more and more attention [2]. Because of its 
high conversion rate, easy operation and fast hydrogen 
production rate [3], fermentation hydrogen production 
has become a viable method for industrialized hydrogen 
production. 
Lots of studies have been done about fermentation 
hydrogen production. Most of the research works were 
mainly focused on the pure strain culture, activated 
sludge, immobilized cell technology [4], and only a few 
researches on the mixed bacteria. In the previous studies, 
characteristics of hydrogen production by facultative 
anaerobic bacteria, obligate anaerobic bacteria and their 
mixed culture have been studied by the batch culture 
method, and many efficient bacteria producing hydrogen 
have been selected, for example, strict anaerobes like 
Clostridium sp. [5, 6] having the production capacity of 2 
mol H2/mol glucose and facultative hydrogen bacterium 
Enterobacter sp. [7] with 1 mol H2/mol glucose. But, 
strict anaerobes are extremely sensitive to oxygen so that 
hydrogen production capacity and growth are strongly 
suppressed in the oxygen environment, while facultative 
bacterium can be in the micro-oxygen conditions with 
high activity and consume oxygen in fermentation tank. 
Considering this fact, it is very necessary to study the 
mixed culture composites of facultative bacteria 
Bacterium.E and two different anaerobic, Bacterium P 
and B. Therefore, both of them were prepared in the 
present work, and the glucose was used as the substrate 
to produce hydrogen in the fermentation tank. Moreover, 
the collaborative ability of hydrogen production by 
mixed bacteria was also studied. 
 
2 Materials and methods 
 
The prototroph facultative anaerobic Gram-negative 
Bacteria.E, obligate anaerobes Bacteria.P and obligate 
anaerobes Bacteria.B were used in this work, and their 
proportions are listed in Table 1. 
The growth culture medium consisted of beef 
extract 5 g, peptone 3 g and NaCl 5 g/L. L-cysteine was 
put into anaerobic bacterium by 0.5 g/L in order to lower 
the redox potential. And the hydrogen production 
medium consisted of beef extract 5 g, peptone 3 g, NaCl 
5 g, FeSO4 0.2 g, K2HPO4 2 g, and glucose 20 g/L. The 
value of pH was adjusted to 6.0−7.0 during the 
experimental process. 
The actual volume of the fermenter used in this 
work was 6 L. The medium of producing hydrogen was 
sterilized at 115 °C, then blown by N2, and then the pH  
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Table 1 Bacteria constitutes and proportion in different schemes 
Scheme 
No. 
Bacteria constituter Proportion 
Fraction in 
mixer/%
1 Bacterium.E − 10 
2 Bacterium.P − 10 
3 Bacterium.B − 10 
4 Bacterium.E: Bacterium.P 1:1 10 
5 Bacterium.E: Bacterium.B 1:1 10 
6 Bacterium.B: Bacterium.P 1:1 10 
7 
Bacterium.E: Bacterium.B: 
Bacterium.P 
1:1:1 10 
 
value was adjusted to 6.0−7.0 by diluted HCl or NaOH. 
Keeping the temperature at (37±1) °C with stirring speed 
of 200 r/min, the gas volume was measured by gas flow 
meter and the proportion of hydrogen gas and the 
subtract concentration were calculated timely. 
Since facultative anaerobic bacteria can consume 
remaining oxygen and create a perfect environment for 
obligate anaerobic bacteria, it is not necessary to ensure 
that the environment is completely without oxygen when 
inoculating strain liquid into the medium. However, we 
must make sure that all the three inoculated bacteria 
liquids are 10% in mixer. 
The acquired H2 and CO2 mixer compositions were 
analyzed by gas chromatography (Fuli), which had 
thermal conductivity detector (TCD) with column length 
of 2 m and inside temperature of 120 °C. The mixer gas 
was input at speed of 30 mL/min and volume of 1 mL at 
100 °C with argon as carrier gas. Detailed procedures for 
measurement of biogas amount and composition had 
been described earlier [8, 9]. 
Glucose concentration was determined following 
the phenol–sulfuric acid method reported by DUBOIS et 
al [10], and the hydrogen production rate is defined as 
the amount of H2 (mol) in 1 mol glucose. 
 
3 Results and discussion 
 
3.1 Growth characteristics of mixed bacteria 
Three bacteria used were inoculated into growth 
medium according to Table 1. The culture environment 
was kept at the constant temperature of 37 °C and pH 
value of 6.0. The bacteria liquid turbidity before and 
after mixing was measured under 600 nm UV wave, as 
given in Table 2. 
Table 2 shows that as the maximum bacteria 
concentration broth turbidity equals 1.768 the grow  
ability of facultative bacteria is higher than that of 
anaerobic bacteria in pure culture. Compared with pure 
culture, mixed culture improved significantly in bacteria  
Table 2 Bacterium growth characteristics 
Scheme No. OD600 nm Time/h 
1 1.768 24 
2 1.487 120 
3 0.872 120 
4 1.882 48 
5 1.672 52 
6 1.630 120 
7 2.005 48 
 
concentration, which indicated cells content per unit 
volume increased effectively. Moreover, when the strains 
of Bacterium.E, Bacterium.P and Bacterium.B had the 
same proportion in the mixed culture, the concentration 
of bacteria reached the maximum of 2.005 and the 
concentration order of the four mixed cultures was No. 
7>No. 4>No. 5>No. 6. On the other hand, the breeding 
cycle was reduced from 120 h to 48−52 h by adopting 
mixed culture of facultative bacteria and two anaerobic 
bacteria, indicating time saving in hydrogen production. 
 
3.2 Property of producing hydrogen based on 
substrate of glucose 
From Table 3, it could be found that the 
accumulated gas production amounts of the fermentation 
end-products of three kinds of pure medium of 
Bacteria.E, Bacteria.P and Bacteria.B were 27.4 L, 29.1 
L and 30 L, while the hydrogen contents were 53%, 
61.15% and 56%, and the rates of producing hydrogen 
were 1.093, 1.353 and 1.238 mol H2/mol glucose, 
respectively. The above results showed that more 
glucose was transferred by Bacteria.P into hydrogen, i.e., 
17.8 L of hydrogen yielded from Bacteria.P was slightly 
higher than that yielded from the other two pure media. 
Although Bacteria.B had higher gas production amount 
(30 L) and higher rate of decomposing glucose into 
hydrogen (97%), the effective glucose actually used in 
the case of Bacteria.B was less than that in the case of 
Bacteria.E and Bacteria.P, which might be due to the 
fact that most of them were decomposed into other 
intermediates or by-products. For Bacteria.E, the 
produced content of hydrogen was less than that of either 
anaerobes or mixed bacteria under the same condition. 
All schemes in this work had better degradation 
ability on the substrate glucose. The degradation abilities 
of Bacteria.E, Bacteria.P and Bacteria.B were 98.44%, 
96.6% and 97%, respectively. The glucose 
decomposition rates of the four mixed schemes was in 
the order of No. 7>No. 4>No. 6>No. 5. During the 
fermentation process, because of the longer fermentation 
period of obligate anaerobic bacteria, the average  
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Table 3 Hydrogen production parameter in different schemes 
Scheme 
No. 
Hydrogen/ 
(mL·g−1) 
H2 content/ 
% 
Decomposition  
rate of glucose/% 
Average hydrogen 
production 
rate/(mL·h−1·L−1) 
Maximum hydrogen 
production 
rate/(mL·h−1·L−1) 
Hydrogen production 
capacity/ 
[mol H2·(mol G)−1]
1 122.00 53.00 98.44 118.28 533.3 1.093 
2 152.92 61.15 96.60 42.21 53.5 1.353 
3 140.00 56.00 97.00 70.00 510.2 1.238 
4 192.59 55.50 95.10 183.15 977.50 1.704 
5 145.43 54.80 92.00 167.25 500.00 1.290 
6 179.39 60.00 93.00 86.70 548.90 1.604 
7 213.08 56.30 97.10 212.20 923.10 1.885 
 
hydrogen production rates using Bacteria.P and 
Bacteria.B were only 42.21 and 70 mL/(L·h), 
respectively. Compared with Bacteria.P and Bacteria.B, 
the average hydrogen production rate by facultative 
Bacteria.E under the same conditions was 118.28 
mL/(L·h), much larger than that in the cases of 
Bacteria.P and Bacteria.B. The shortcomings of 
anaerobic bacteria were longer period for fermentation 
and lower average hydrogen production rate, but its high 
content of hydrogen gas was more efficient to increase 
the target product for substrate conversion. When 
Bacterium.E, Bacterium.P and Bacterium.B were put in 
the mixed culture (Scheme No. 7) with the same 
proportion, the average production rate of hydrogen 
reached the maximum value of 212.2 mL/(L·h). 
Under the best conditions, the maximum hydrogen 
yield for mixed schemes was 1.855 mol H2/mol glucose, 
and the hydrogen yield of the four schemes was in the 
order of No. 7>No. 4>No. 6>No. 5. This also indicated 
that the facultative anaerobic bacteria was good for 
increasing the hydrogen production rate, while obligate 
anaerobic bacteria played a key role in improving the 
hydrogen production capacity. 
3.2.1 Hydrogen yield of different schemes 
The fermentation process was carried out in the 
condition of using the fermenter volume of 6 L, pH value 
of 6.0−7.0 at 37 °C with the stirring speed of 200 r/min. 
The dynamic hydrogen curve and hydrogen gas 
proportion are shown in Fig. 1 and Fig. 2, respectively. 
The results shown in Fig. 1 and Fig. 2 indicated that 
the mixed culture had same hydrogen production 
dynamics as the pure culture. For example, they all 
reached the rapid hydrogen production period after a lag 
and then tended to stop. The facultative Bacterium.E and 
its mixed bacterium with other two anaerobes came to a 
high speed hydrogen production stage after only 4 h 
 
Fig. 1 Hydrogen production of different schemes 
 
 
Fig. 2 Hydrogen content of different schemes 
 
lagging. And they spent 14 h to the maximum, then, 
stopped gradually. This hydrogen producing cycle was 
no more than 24 h roughly. But pure anaerobe or mixed 
anaerobes had longer producing cycle which was not 
good for utilization in industry, and their lag time was 
9−12 h. Bacterium.P, Bacterium.B and the mixer of 
Bacterium.P and B were 46, 78 and 50 h, respectively, in 
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this cycle. From above data, it could be concluded that 
the rapid propagation characteristics of Bacterium.E not 
only adjusted the hydrogen production start-up time, but 
also shortened cycle time. The hydrogen contents of the 
four schemes were 60%, 56.3%, 55.5% and 54.8%, 
respectively, in the order of No. 6>No. 7>No. 4>No. 5. 
In contrast with the accumulated gas production 
amount and hydrogen content before and after mixing 
culture, we found that the pure obligate anaerobe was 
higher than that in the cases of using Bacterium.E. The 
accumulated gas production amount in the cases of using 
Bacterium.E, Bacterium.P and Bacterium.B were 14.6, 
17.4 and 16.8 L, respectively. The four mixed culture 
schemes did not change the hydrogen yield significantly. 
But the two anaerobes had higher hydrogen content, and 
after mixing the accumulated gas production amount 
could be further increased. The mixed culture of the 
three bacteria which was defined as Scheme No. 7 could 
get the most accumulated gas production amount 
reaching 24.8 L. Comparing with Scheme No. 7, the 
increased amounts of Scheme No. 4, No. 5 and No. 6 
were 70.1%, 42.4% and 44.5%, respectively. Therefore, 
it may be concluded that facultative bacterium can 
cooperate with anaerobes since the facultative bacterium 
and anaerobes had different metabolic characteristics. 
Besides, the facultative bacterium can consume oxygen 
which is extremely harmful for obligate anaerobes. In 
this way, the accumulated gas production amount can be 
enhanced. 
3.2.2 Rate of hydrogen production in different schemes 
In industry production, the rate of hydrogen 
production is one of the most important indicators. In the 
present work, the rates of hydrogen production before 
and after mixture culture are shown in Fig. 3. 
The results in Fig. 3 showed that the anaerobes had 
much longer production cycle and lower average and 
maximum hydrogen production rates. The average rates  
 
 
Fig. 3 Average and maximum hydrogen production rates of 
different schemes 
of Scheme No. 1, No. 2 and No. 3 were 118.3, 42.2 and 
70.0 mL/(h·L), respectively. The average rate and 
maximum rate were greatly enhanced in four mixed 
cultures. The three mixed cultures related with 
Bacterium.E all had the (an enhancement in) enhanced 
average rates. The mixed culture of Scheme No. 7 had 
the maximum rate of 212.2 mL/(h·L). However, the rates 
of Scheme No. 4 and No. 5 were just 183.1 mL/(h·L) and 
167.2 mL/(h·L). The lowest average rate happened in the 
case of Scheme No. 6 which was only 86.7 mL/(h·L). It 
was found that the maximum gas rates of 977.5 mL/(h·L) 
and 923.1 mL/(h·L) happened in the case of Scheme  
No. 4 and No. 7. Interestingly, in the case of Scheme  
No. 5, the maximum hydrogen production rate was only 
as low as 50% compared with that in the case of Scheme 
No. 4.  
The above results clearly indicated that the 
production cycle was shortened owing to the 
enhancement of the average rate and maximum rate 
when the bacterium was mixed with culture. In batch 
fermentation experiment, obviously, Scheme No. 7 was 
the best method which had the highest hydrogen 
production rate, while in continuous fermentation the 
substrate was adjusted in order to get a high level gas 
rate. It was found that a comparatively high gas rate was 
reached in the case of Scheme No. 4 and No. 7.  
3.2.3 Substrate utilization rate of mixed culture in batch 
fermentation 
Substrate utilization rate can be used to explain the 
ability of the bacterium in degrading substrate, which, of 
course, is an extremely important indicator for hydrogen 
production efficiency. The substrate utilization and 
hydrogen production rates per unit substrate are shown in 
Fig. 4. 
Figure 4 showed that the decomposed rate of 
glucose could exceed 90% before and after mixing 
culture, but a pure culture had a higher utilization rate.  
 
 
Fig. 4 Substrate utilization and gas accumulation per unit 
substrate 
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According to experimental data, the glucose utilization 
rate of facultative bacterium reached 99.4% while 
Scheme No. 7 just had the rate of 97.1%. Fortunately, 
each of four mixed culture had a higher gas accumulation 
in contrast with pure culture of the three bacteria. Among 
the three schemes of mixed culture, namely, Scheme  
No. 4, No. 5 and No. 6, the best synergy was Scheme  
No. 4. Before mixture, the gas accumulation rates of pure 
Scheme No. 1 and No. 2 were 1.093 and 1.353 mol 
H2/mol glucose, and then the mixed culture reached 
1.704 mol H2/mol glucose. The enhanced proportions 
were 54.63% and 25.94%, respectively. A better synergy 
of 1.604 mol H2/mol glucose occurred in the case of 
Scheme No. 6. However, the weak synergy happened in 
the case of Scheme No. 5. Before mixture, the gas 
accumulation rates of Scheme No. 1 and No. 3 were 
1.093 and 1.238 mol H2/mol glucose, and then reached 
1.290 mol H2/mol glucose. The enhanced proportions of 
three mixed bacteria were 71.05%, 39.32% and 52.26%, 
respectively, compared with pure culture (Scheme No. 1, 
No. 2 and No. 3). It also had a great enhancement 
compared with the other two mixed bacteria culture 
schemes. 
The experimental results also showed that the pure 
culture schemes had a better glucose utilization rate, but 
had a lower gas accumulation. The best explanation for 
this result was that the substrate was changed into 
by-products in pure culture. However, the synergy 
happened in mixed bacteria which could reduce 
accumulated metabolites and by-products. In the mixed 
culture, the facultative bacterium and anaerobes were 
reciprocal, which was benefit for the metabolism of the 
bacterium, and then increased the hydrogen gas 
production. But the synergy of Bacterium.E and 
Bacterium.B was very weak, indicating that the synergy 
was selective among the bactera. 
 
3.3 Continuity and stability of Scheme No. 7 
The results in Fig. 4 indicated that the mixed culture 
was more remarkable than pure culture, and among all 
the mixed culture schemes, No. 7 was the best in gas 
production. The fermentation condition was pH 6.0−7.0, 
37 °C, 200 r/min continuous glucose input with 5 g/h. In 
this condition, we can get continuous culture 
environment. And the gas accumulation and dynamic gas 
curve are shown in Fig. 5. 
The results in Fig. 5 showed that Scheme No. 7 had 
high ability for gas production with continuous 
fermentation for 120 h. Compared with batch 
fermentation, continuous fermentation grew with 
logarithmic phenomenon while continuous fermentation 
 
 
Fig. 5 Stability for gas production of Scheme No. 7 in 
continuous fermentation 
 
had linear relationship in gas accumulation. In the 
experiment after 120 h, the substrate was interrupted, and 
hence the gas production stopped accordingly. In the 
process, 600 g glucose was consumed, and the total gas 
accumulation was 241.38 L, including 133.48 L pure 
hydrogen. The proportion of hydrogen was 55.3%. The 
hydrogen production per unit substrate was 1.968 mol 
H2/mol glucose. A better substrate utilization rate by 
continuous fermentation was acquired. Because of the 
difference ways for substrate addition, the gas rate of the 
continuous fermentation was only 185.38 mL/(L·h) 
which is a little bit lower compared with batch method. 
However, the average gas rate of continuous 
fermentation was still higher in some sense. This 
indicated that Scheme No. 7 not only had excellent gas 
production stability, but also had a relatively high 
substrate utilization rate, which was benefit for further 
study in long time fermentation hydrogen production. 
 
4 Conclusions 
 
1) In batch fermentation, facultative strain and 
anaerobic strains had synergistic effects. The rate of 
production hydrogen in the mixed culture was larger than 
that in the pure culture. The Scheme No. 7, which 
consisted of three mixed bacteria, had the highest 
hydrogen production rate. The average and maximum 
hydrogen production rates were 1.885 mol H2/mol 
glucose and 212.2 mL/(L·h). 
2) The scheme No. 7 is also stable in continuous 
fermentation. The accumulated gas content in continuous 
method is higher than that of batch method and reaches 
1.968 mol H2/mol glucose. 
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